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Alpha4 isoformThe α4 isoform of the Na+,K+-ATPase (sodium pump) is known to be expressed in spermatozoa and to be
critical for their motility. In the investigation presented here, we ﬁnd that the rat-derived Sertoli cell line
93RS2 also expresses considerable amounts of the α4 isoform in addition to the α1 isoform. Since Sertoli cells
are not motile, one can assume that the function of the α4 isoform in these cells must differ from that in
spermatozoa. Thus, we assessed a potential involvement of this isoform in signaling pathways that are
activated by the cardiotonic steroid (CTS) ouabain, a highly speciﬁc sodium pump ligand. Treatment of 93RS2
cells with ouabain leads to activation of the c-Src/c-Raf/Erk1/2 signaling cascade. Furthermore, we show for
the ﬁrst time that the activation of this cascade by ouabain results in phosphorylation and activation of the
transcription factor CREB. This signaling cascade is induced at low nanomolar concentrations of ouabain,
consistent with the involvement of theα4 isoform. This is further supported by experiments involving siRNA:
silencing of α4 expression entirely blocks ouabain-induced activation of Erk1/2 whereas silencing of α1 has
no effect. The ﬁndings of this study unveil new aspects in CTS/sodium pump interactions by demonstrating for
the ﬁrst time ouabain-induced signaling through the α4 isoform. The c-Src/c-Raf/Erk1/2/CREB cascade
activated by ouabain is identical to the so-called non-classical signaling cascade that is normally triggered in
Sertoli cells by testosterone. Taking into consideration that CTS are produced endogenously, our results may
help to gain new insights into the physiological mechanisms associated with male fertility and reproduction.Physiologie und -Biochemie,
t Giessen, Frankfurter Str. 100,
x: +49 641 9938179.
i-giessen.de
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The Na+,K+-ATPase (sodium pump) is a membrane-bound
enzyme that hydrolyzes ATP to transport 3 Na+ ion out of the cell
and 2 K+ ions into the cell. The oligomeric enzyme consists of α and β
subunits. Four different α subunit isoforms (α1–α4) and three β
subunit isoforms (β1–β3) have been identiﬁed thus far. Aside from
these two subunits that are absolutely required for ion transport, a
third regulatory lipoprotein similar to phospholamban has been found
in some tissues to be associated with the α and β subunits and is
referred to as the γ subunit. Whereas the α1 isoform of the sodium
pump seems to be expressed in all types of animal cells, some of the
other α isoforms are found together with the α1 isoform in certain
cell types.Cardiotonic steroids (CTS) are speciﬁc inhibitors of the sodium
pump that have been used for more than 200 years for the treatment
of congestive heart failure. At low concentrations that do not cause a
global inhibition of the sodium pump, CTS induce through their
binding to the α subunit various intracellular signaling events that
may be mediated by speciﬁc α subunit isoforms. Thus, in the
neuroblastoma cell line SK-N-AS, Erk1/2 activation through the CTS
ouabain is mediated via the α3 isoform [1], and in astrocytes it
appears to be the α2 isoform that is involved in the generation of
signaling cascades [2].
Whileα1,α2, andα3 isoforms are widely present in various tissues,
the α4 isoform seems to be present only in the male reproductive
organs. After its original identiﬁcation in crude testis homogenates it
was found to be coexpressedwith theα1 isoform in spermcells [3,4]. Its
biological function is possibly associated with sperm motility [5–7];
however, as in a recent publication the α4 isoform of Na+,K+-ATPase
was shown to be involved in signaling events during capacitation of
bovine sperm [8], its physiological function in germ cells might go
beyond mere involvement in cell motility.
In the investigation presented here we demonstrate that the α4
subunit isoform of the sodium pump is coexpressed with α1 in rat
Sertoli cell lines and mediates the activation of signaling cascades by
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Sertoli cells by testosterone.
2. Materials and methods
2.1. Cell culture
The Sertoli cell line 93RS2 [9] was used for most experiments. For
the detection of α4 speciﬁc mRNA the Sertoli cell line SCIT-C8 [10]
was used in parallel.
Cells were cultured in DMEM/Ham's F-12 (1/1 by vol.) with
L-glutamine supplementedwith 10% (by vol.) fetal bovine serum (FBS)
and 1% Pen/Strep. Culture was maintained in a humidiﬁed incubator at
37 °C in 5% CO2. The medium was replaced every 2 days. Cells were
harvested after removing themedium, followed by awashing stepwith
Dulbecco's PBS without Ca2+ and Mg2+ and incubation with accutase
(0.25%) for 3–5 min at 37 °C. All cell culture reagents were purchased
from PAA Laboratories (Pasching, Austria).
2.2. Preparation of cell lysates
Approximately 1×105 cells of the Sertoli cell line 93RS2 were
plated in 10-cm culture dishes and grown as described above. After
24 h, incubationwas continuedwith 5% FBS and otherwise unchanged
conditions. Cells were then serum-starved (i.e. 1% serum) for another
24 h. Ouabain was added to the cells at various concentrations and the
cells were further incubated at 37 °C for various times as described in
the ﬁgure legends. The medium was then aspirated and after a
washing step with PBS, cells were lysed in 750 μl of a commercially
available cell lysis buffer (Cell Signaling Technology, Frankfurt,
Germany) according to the protocol of the provider. Immediately
before use, 1 μM PMSF, 1× protease inhibitor cocktail (Roche,
Mannheim, Germany) and 2 μg/ml pepstatin were added to the lysis
buffer. All lysis steps were carried out on ice. After 5 min of incubation
cells were detached from the dish with a cell scraper and the mixture
was transferred into reaction vials and sonicated twenty times for 1 s
each with intervals of 1 s. After centrifugation of the lysates at 4 °C for
20 min at 13,000×g, the protein concentration in the supernatant was
determined using the bicinchoninic acid (BCA) protein assay reagent
kit (Pierce, Rockford, IL, USA) with inclusion of the lysis buffer in the
standard curve. Aliquots taken for further analysis were stored at
−20 °C.
2.3. Western blot detection of isolated proteins
A total of 10 μg of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on gels con-
taining 10% acrylamide and 0.3% N,N′-methylene-bis-acrylamide.
Biotinylated proteins (Cell Signaling Technology, Frankfurt a.M.,
Germany) were run in parallel as molecular weight markers. After
SDS-PAGE, proteins were electro-blotted onto nitrocellulose mem-
branes (Schleicher & Shull, Dassel, Germany) at 500 mA for 30 min.
Detection of proteins was performed by following the protocols of the
providers of the primary antibodies (Cell Signaling Technology, Santa
Cruz Inc., or Dianova) and the enhanced chemiluminescence (ECL) kit
(GE HealthCare, München, Germany) that also includes the biotiny-
lated secondary antibody. Chemiluminescence was visualized and
quantiﬁed by the Molecular Imager ChemiDoc XRS System (BioRad,
München, Germany).
2.4. Detection of α subunit isoform-speciﬁc mRNA in Sertoli cells
Total mRNA was isolated from 93RS2 or SCIT-C8 cells that were
grown to 50% conﬂuency by using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). RNase-free DNase I (Qiagen, Germany) was used to
remove any contaminating DNA. Concentration and purity of totalmRNA were determined by measuring the absorbance at 260 and
280 nm.
Reverse transcription and PCR ampliﬁcation were carried out by
the OneStep RT-PCR kit (Qiagen). A total of 60 ng of mRNA, 1 μl
(20 pmol/ml) of each primer, 10 μl of ﬁve-fold concentrated buffer
(20 mmol/L Tris HCl, 100 mmol/L KCl, 12.5 mmol/L MgCl2, 10 mmol/L
dNTPs), 2 μl of a mixture of Ominiscript and Sensiscripts reverse
transcriptases and HotStar Taq DNA polymerase in a ﬁnal volume of
25 μl were incubated in a MasterCycler Gradient (Eppendorf,
Hamburg, Germany) at 50 °C for 30 min to accomplish reverse
transcription. For PCR ampliﬁcation the mixture was heated at 95 °C
for 15 min, followed by 40 cycles of denaturation at 94 °C for 1 min,
annealing at 58 °C for 1 min, and cDNA extension at 72 °C for 1 min.
After ampliﬁcation, a ﬁnal extension at 72 °C was performed for
10 min. For speciﬁc ampliﬁcation of α1, α2, α3, and α4 isoforms and
GAPDH, forward and reverse primers were used as published [4]. The
RT-PCR ampliﬁcates were analyzed by electrophoresis on 1.7% agarose
gels followed by ethidium bromide staining.
To ascertainwhetherα4-speciﬁcmRNA is present not only in Sertoli
cell lines but also in normal Sertoli cells, mRNA was isolated from
primary Sertoli cell cultures of 19-day-oldWistar rats as published [10],
or from SCO (Sertoli Cells Only) humans. These samples were ampliﬁed
by RTR-PCR as described above. For ampliﬁcation of the humanα4, PCR
primers used were as previously published [7].
2.5. Silencing α1 or α4 mRNA by siRNA
siRNA used for silencing either of the α1 or α4 isoform-speciﬁc
mRNAs is commercially available (Stealth™ RNAi; Invitrogene,
Karlsruhe, Germany). Transfection into the 93RS2 cells was carried
out according to the protocol of the provider. Brieﬂy, a total of 5×103
32RS2 cells in culture mediumwithout antibiotics were added to each
well of 6-well culture dishes and cultured to 30% conﬂuency.
Immediately before use, Stealth™ RNAi and Lipofectamine 2000
were each diluted with Opti-MEM I Reduced Serum Media and
incubated for 5 min at room temperature. Then the two solutions
were combined, mixed gently, and after a further 20 min at room
temperature added to the cells. The ﬁnal concentration of the
Stealth™ RNAi in the media was 100 nM. For control, cells were
either treated with Lipofectamine 2000 alone or transfected with
Stealth™ RNAi Negative Control Medium GC (negative control for
either α1 or α4 Na+,K+-ATPase Stealth™ RNAi). After incubation for
72 h under the conditions described above, transfection efﬁciencies of
about 82% were estimated by using the Block-iT™ Transfection Kit
(Invitrogen, Germany) according the protocol of the provider. Total
RNA was then isolated from 93RS2 cells and the extracted RNA was
subjected to RT-PCR to amplify α1- and α4-speciﬁc mRNA/DNA
fragments as described above.
The Stealth™ RNAi oligonucleotides used were 5′-UGU UUC UUG
GCU UAU GGC AUC CGA A-3′ plus 5′-UUC GGA UGC CAU AAG CCA
AGA AAC A-3′ against the α1 isoform mRNA, and 5′-GCC UCA UCA
GGA GUC UCU UCC CAU A-3′ plus 5′-UAU GGG AAG AGA CUC CUG
AUG AGG C-3′ against the α4 isoform mRNA.
In a different set of experiments, after the 72 h-treatment with
Stealth™ RNAi, cells were incubated with 100 nM ouabain for 30 min
and were used to isolate lysates for western blot experiments.
2.6. MTT assay of cells transfected with siRNA against α1 or α4 subunit
isoforms
93RS2 Sertoli cells were treated with Stealth™ RNAi (2×103 cells
per well in 24-well culture dishes) as described above. After 72 h of
incubation, transfection medium was replaced by the complete
growth medium. Cells were then cultured as described for 1–7 days.
To determine cell viability at the end of each measuring period, the
medium was aspirated and replaced by 300 μl of fresh culture
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Fig. 1. Detection of α subunit isoforms in Sertoli cell lines 93RS2 and SCIT8 by RT-PCR
and agarose gel electrophoresis. Primers used for RT-PCR have been published
previously [4]. The expected ampliﬁcates for the sodium pump α1 isoform (upper
left panel; 1447 bp) and α4 isoform (upper right panel; 935 bp) are both found in
93RS2 and SCIT8 Sertoli cell lines. The α4-speciﬁc ampliﬁcate is also found in rat Sertoli
cells (lower left panel; 935 bp) and in Sertoli cells of SCO human donors and in sperm of
healthy human donors (lower middle and right panels; 748 bp). Neither the α2 nor the
α3 isoforms were detectable in these cells.
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Fig. 2. Erk1/2 activation by ouabain. 93RS2 cells were treated for 30 min with various
concentrations of ouabain. Cell lysates were then prepared and 10 μg of protein was
separated on SDS polyacrylamide gels, blotted onto nitrocellulose, and subsequently
probed with a monoclonal antibody against either the total (A) or the phosphorylated
(activated) Erk1/2 (B). Visualization of Erk1/2 or phospho-Erk1/2 was achieved by
using horseradish peroxidase-conjugated antibodies against the primary antibodies.
(C) Mean data from n=4 western blots like the one shown in B (±SEM); *=p≤0.05;
**=p≤0.01. The Western blots of total Erk1/2 served as loading controls. Values
shown in (C) were corrected accordingly.
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2,5-diphenyltetra-zolium bromide). After 4 h of incubation the
medium containing MTT was removed by inverting the plate. The
resulting formazan crystals were then solubilized by adding 200 μl
DMSO to each well. After 10 min of shaking, absorbance in each well
was determined in a microplate reader at 540 nm.
2.7. Statistical analysis
Optical density of protein bands of the various Western blots were
corrected for any gel loading differences by taking into consideration
the optical density of actin or unphosphorylated Erk1/2 bands, which
were detected in Western blots that were run in parallel.
Data were analyzed by one-way ANOVA with repeated measures
and by applying Dunnett's comparison of all data to the control.
Signiﬁcance was accepted at pb0.05.
3. Results
3.1. Expression of α subunit isoforms in Sertoli cells
The α4 subunit isoform of the sodium pump has been hitherto
detected in male gonads only, where it is coexpressed with the α1
isoform [3,11,12]. The other two isoforms, α2 and α3, have not been
detected in testis homogenates [11,12]. On the cellular level,
coexpression of α1 and α4 isoforms has been shown for germ cells
[4,8,13]. The function of the α4 has been linked to the motility of the
spermatozoa [5–7] and with sperm capacitation [8].
We demonstrate here, however, that spermatozoa are not the sole
cell type expressing the α4 isoform. Using RT-PCR we ﬁnd that the
Sertoli cell lines 93RS2 and SCIT-C8 express -like spermatozoa-α4
isoform-speciﬁc mRNA in addition to α1 isoform-speciﬁc mRNA
(Fig. 1, upper panels). The α4 isoform seems to be the predominant
form, although the results shown in the ﬁgure are not the product of
quantitative PCR. The two other isoforms, α2 and α3, were not
detectable (not shown). To verify that the α4 isoform is not only
expressed in the Sertoli cell lines but also in normal Sertoli cells, rat
Sertoli cells isolated as described [10], Sertoli cells from SCO humans,
and sperm cells from healthy human donors were included in the
investigation. The lower panels in Fig. 1 show that Sertoli cells from all
three sources express the α4 subunit isoform-speciﬁc mRNA. Since
Sertoli cells are notmotile, the presence ofα4must be associatedwith
physiological roles other than involvement in motility.
3.2. Erk1/2 activation in 93RS2 Sertoli cells by ouabain
Low concentrations of the CTS ouabain trigger signaling cascades
in various cells [14,15] that in many cases lead to the activation of
Erk1/2. Thus, in order to investigate whether ouabain induces similar
signaling events in the Sertoli cell line 93RS2, cells were incubated
with various concentrations of ouabain for 30 min and cell lysates
were isolated and investigated in western blots for Erk1/2 activation.
At the low concentration of 1 nM, ouabain was found to trigger a
clear activation of Erk1/2 (Fig. 2). Considering the fact that the 93RS2
cells are derived from the rat, which expresses an α1 isoform with
very low afﬁnity for ouabain (Ki=1.5±1.3×10−4 M) [4], it is very
likely that the observed activation of Erk1/2 is mediated through the
interaction of ouabain with the α4 isoform, which displays a much
higher afﬁnity for the glycoside (Ki=1.6±1×10−9 M) [4].
3.3. c-Src activation by ouabain
Ouabain-induced Erk1/2 activation has been shown to be mediated
byactivationof c-Src [16,17] via phosphorylation at Tyr418 [18]. A similar
mechanism is apparently involved in the ouabain-stimulated induction
of signaling cascades in the 93RS2 Sertoli cell line. Ouabain causesphosphorylation of c-Src at Tyr418 (Fig. 3) that can be visualized by
westernblottingusingamonoclonal antibody that speciﬁcally recognizes
the phosphorylated form of this amino acid. At a concentration as low as
1 nM, ouabain induces a signiﬁcant activation of Src kinase.
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Fig. 3. Activation of c-Src by ouabain. A) 93RS2 cells were incubated for 30 min with
various concentrations of ouabain. Thereafter, 10 μg of cell lysates were separated by
SDS gel electrophoresis and blotted onto nitrocellulose. To identify activated c-Src, blots
were probed with an antibody that recognizes the phosphorylated Tyr418 of this
kinase. B) Activation of c-Src is signiﬁcant at all ouabain concentrations tested (n=4;
mean±SEM; *=p≤0.05; **=p≤0.01). Western blots of actin served as loading
controls (not shown). Values were corrected for loading controls.
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Activation of c-Raf occurs downstream of c-Src activation and
precedes phosphorylation of Erk1/2. Using an antibody against the
inhibitory phosphorylation site at Ser259 of c-Raf [19], we observed
an ouabain-induced and concentration-dependent dephosphoryla-
tion of this amino acid (Fig. 4). Since the dephosphorylation of this
amino acid represents a critical step in the Ras-dependent activation
of c-Raf [20], one can assume that ouabain triggers activation of c-Raf
that is mediated through Ras.MW
c-Raf
80
100
A
(74 kDa)60
50
B
80
100
120
*
20
40
60
*
0
ph
os
ph
o-
cR
af
 (S
er2
59
)
(%
)
Ouabain (nM) 1 10 1000
Ouabain (nM) 1 10 1000
Fig. 4. Activation of c-Raf by ouabain. A) Incubation of 93RS2 cells with various
concentrations of ouabain leads to the dephosphorylation of the c-Raf inhibitory site at
Ser259, as detected by a speciﬁc antibody against the phosphorylated form of this
amino acid in a western blot. B) Statistical analysis of the results of independent
experiments (n=4; mean±SEM; *=p≤0.05). Western blots of actin served as
loading controls (not shown). Values were corrected for loading controls.3.5. Ouabain-induced activation of CREB
Activation of the c-Src/Ras/Raf/Erk1/2 cascade could result in the
activation of the transcription factor CREB. In Sertoli cells this reaction
cascade is triggered by testosterone via a so-called non-classical
pathway of testosterone action [21]. In this reaction cascade, binding
of testosterone to the androgen receptor induces the activation of
CREB via the c-Src/Ras/c-Raf/Erk1/2-cascade [22]. CREB-inducible
transcription in Sertoli cells is essential for the survival of spermato-
cytes and the production of mature spermatozoa [23]. For these
reasons it was of particular interest to investigate a possible CREB
activation by ouabain. A time-dependent activation of CREB (phos-
phorylation at Ser133) was induced by 10 nM ouabain (Fig. 5).
Phosphorylation of CREB after 30 min is signiﬁcantly higher than the
basal phosphorylation (at 0 min) and reaches an almost 2.5-fold
increase after 180 min (Fig. 5D). Phosphorylation of CREB is not seen
in the absence of ouabain (Fig. 5B and D), and ouabain does not have
any signiﬁcant effect on the expression of the reference protein actin
(Fig. 5A), indicating that the observed phosphorylation of CREB is not
due to increased expression of this protein.
3.6. Silencing α1 or α4 isoforms by means of siRNA
The neuroblastoma cell line SK-N-AS expresses α1 and α3
isoforms of the sodium pump α subunit. While both isoforms are
essential for the survival of the SK-N-AS cells, ouabain-induced
activation of Erk1/2 ismediated exclusively throughα3 [1]. In order to
investigate the physiological signiﬁcance of α1 and α4 for the Sertoli
cell line 93RS2, siRNA against the α1 or the α4 isoform was
introduced in the cells and the successful silencing of either isoform
and the effects of silencing on cell growth and ouabain-induced
signaling were analyzed.
The PCR ampliﬁcation demonstrated that either of the α subunit
isoforms can be successfully silenced with the appropriate siRNA,
since RT-PCR did not produce any detectable ampliﬁcates for the
corresponding cDNA fragments (Fig. 6). Both α subunit isoforms,
however, are important for cell growth and proliferation: silencing
either α1 or α4 isoforms results in a considerable decline of cell
numbers as determined by the MTT assay (Fig. 7), whereby the
inﬂuence of α1 appears to be stronger.
Silencing α1 or α4 isoforms, however, produces diverse effects on
ouabain-induced signaling. When 100 nM ouabain is added to the
cells 72 h after siRNA transfection, Erk1/2 activation is only possible
when theα4 isoform is still expressed (Fig. 8C and D). Silencing of this
isoform results in a signal (phosphorylated Erk1/2) that is even
weaker than that of the control that is obtained in the absence of
ouabain and in the presence of both α1 and α4 isoforms (Fig. 8C
and D). The reduction of the signal is not due to an overall reduction of
Erk1/2 expression (Fig. 8B) or a change in the amount of constitutive
proteins like actin (Fig. 8A). Silencing of the α1 subunit does not
inﬂuence ouabain-induced Erk1/2 phosphorylation (Fig. 8C and D).
Thus, as in the neuroblastoma cell line SK-N-AS [1], the α1 isoform
does notmediate any ouabain-induced signaling in the Sertoli cell line
93RS2.
4. Discussion
The α4 subunit isoform of the sodium pump is known to be
expressed in testis [3,5,13] and mainly in the middle piece of the
ﬂagellum [7] or the head of spermatozoa [8]. Its function has been
associated with the motility of the sperm cells [5,7] or with sperm
capacitation [8]. Our ﬁnding that there is considerable expression of
theα4 subunit isoform in rat Sertoli cell lines and in rat Sertoli cells or
SCO humans (Fig. 1), however, raises the question about the
involvement of this isoform in additional physiological processes,
since Sertoli cells are not motile and do not undergo capacitation.
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Fig. 5. Ouabain-induced activation of CREB. A) Western blot of actin serving as gel loading control. B) Western blot of phospho-CREB in the absence of ouabain. This control
demonstrates that phospho-CREB formation does not occur spontaneously over the time period addressed in the experiment. C) In the so-called non-classical pathway of
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show here that the expression of the α4 isoform (and not of the α1
isoform) of the sodium pump in Sertoli cells is directly linked to
ouabain-induced signaling that results in the activation of the Src/c-
Raf/Erk1/2 cascade. We further show for the ﬁrst time that this
signaling cascade leads to the phosphorylation and activation of the
transcription factor CREB. These results might help in gaining new
insights into the physiological mechanisms associated with male
fertility and reproduction.
Sertoli cells are a signiﬁcant part of the male reproductive system.
They surround the diploid spermatogonia that at the onset of pubertyBA
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Fig. 6. Silencing α1 or α4 mRNA expression by means of siRNA. 93RS2 cells were
treated with siRNA against the α1 or α4 isoforms of the sodium pump α subunit
according to the manufacturer's protocol. Control cells were treated with negative
control siRNA, provided in the kit of the manufacturer. Total RNA was then isolated and
subjected to RT-PCR to amplify α1- or α4-speciﬁc mRNA/cDNA fragments. A) RT-PCR
for the ampliﬁcation of α4-speciﬁc DNA fragment. Treatment with α4-speciﬁc siRNA
abolishes α4-speciﬁc mRNA expression. B) RT-PCR for the ampliﬁcation of α1-speciﬁc
DNA fragment. After transfection with α1-speciﬁc siRNA, expression of α1-speciﬁc
mRNA is not detectable.undergo divisions to either produce stem cells for spermatogonia or to
differentiate into haploid spermatozoa. During gonadal development
Sertoli cells produce anti-Mullerian (AMH) hormone, form the blood-
testis barrier, and also eliminate defective germ cells. Sertoli cells
express receptors for the follicle-stimulating hormone (FSH), and
under FSH inﬂuence they produce androgen binding protein and
inhibin, which prevents further FSH release. Leydig cells that are
found in the interstitial tissue express luteinising hormone (LH)7
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Fig. 8. Ouabain induced activation of Erk1/2, after silencing α1 or α4 isoforms.
A) Detection of total actin in a Western blot. Silencing of either α1 or α2 isoforms has
no effect on actin expression. B) The same applies for the expression of total Erk1/2.
C) Treatment of 93RS2 cells with 100 nM ouabain (control+ouabain) for 30 min leads to
an approximate 2-fold activation of Erk1/2 over control. Transfection of cells with siRNA
against the α1 isoform does not affect the activation of Erk1/2 (α1 siRNA+ouabain).
When the cells are treated with siRNA against the α4 isoform, no ouabain induced
activation of Erk1/2 occurs (α4 siRNA+ouabain). Under these conditions, the total
phospho-Erk1/2 signal is reduced bellow to that obtained in the absence of ouabain
(control), thus implying that the Erk1⁄2 basal activationmight be partially contributed by
the α4 subunit isoform of the sodium pump. D) Mean data from n=3 western blots like
the one shown in A (±SEM); *=signiﬁcantly higher than control; **=signiﬁcantly lower
than control. TheWestern blots of actin served as loading controls. Values were corrected
for loading controls.
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testosterone almost exclusively.
The process of spermatogenesis, including maturation of sper-
matogonia to spermatozoa, seems to be tightly associated with the
activation Erk1/2 and other mitogen-activated protein kinases
(MAPK) [24,25]. Differentiation and proliferation of Sertoli cells
depend on FSH, which activates an Erk1/2 signaling cascade [26].
Androgens, in contrast, trigger a so-called non-classical testosterone
signaling pathway in Sertoli cells that also leads to Erk1/2 activation
and gene expression [21]. This latter process is an absolute
requirement for the production of haploid spermatozoa [27,28]. At
that stage, however, spermatozoa are not yet completely mature.
After their development in the epididymis and after ejaculation, they
progressively gain motility. Upon their passage through the cervix
they undergo the process of capacitation, reach a new form of motility
known as hyperactivation, bind to the oocyte, undergo the acrosomal
reaction, and fertilize the oocyte. The molecular mechanisms that
mediate forward motility, hyperactivation, or the acrosomal reaction
of spermatozoa are not completely understood. All of these activities,
however, seem to be mediated via signaling cascades involving
MAPKs [29–31].
Ouabain and other CTS trigger signaling cascades in various cells
that often result in the activation of Erk1/2. The same applies for the
93RS2 Sertoli cell line where there is clear activation (phosphoryla-
tion) of Erk1/2 upon exposure to low concentrations of ouabain
(Fig. 2). Taking into consideration that rat cells express an α1 isoform
with very low afﬁnity for ouabain [4] whereas the α4 isoform has a
high afﬁnity for ouabain [4], one can assume that the Erk1/2 activation
observed is mediated through the interaction of ouabain with the α4subunit. This assumption was conﬁrmed by using siRNA to silence
either the α1 or the α4 subunit isoform. While ouabain-induced
activation of Erk1/2 was not affected by silencing the α1 isoform, it
was greatly affected when α4 expression is reduced (Fig. 8). Based on
this ﬁnding one can speculate that α1 and α4 isoforms might be
targeted to different microdomains of the plasma membrane and that
α4 interactions with proteins in its immediate environment lead to
the generation of the ouabain-induced signaling cascades we observe.
Although the sorting mechanism for the α1 or α4 subunit proteins is
not known, the fact that in sperm cells the α4 is localized only at the
base of the ﬂagellum whereas the α1 is spread out over the entire
structure [7] indicates the existence of a functioning sorting
mechanism ensuring the targeting of the two proteins to deﬁned
areas of the plasma membrane.
In general, the results obtained from the experiments involving
siRNA in the Sertoli cell line 93RS2 resemble earlier results obtained
with the neuroblastoma cell line SK-N-AS [1]. There too, ouabain-
induced Erk1/2 activation was mediated not by the α1 isoform but
through a second subunit isoform, the co-expressed α3 subunit. And,
as in SK-N-AS cells where both α1 and α3 are needed for cell growth,
bothα1 andα4 are required for the proliferation of the Sertoli cell line
93RS2 (Fig. 7). Apparently, under normal conditions the two α
subunit isoforms occupy distinct and essential roles for the physiology
of the cells, so that the function of one cannot be compensated by the
other when one of the two isoforms is silenced by siRNA.
Ouabain-induced Erk1/2 activation is often mediated by c-Src
kinase [32,33]. Ouabain-induced activation of Erk1/2 in the 93RS2
Sertoli cell line via the α4 isoform seems to follow the same pathway.
A low concentration of ouabain leads to activation of c-Src (Fig. 3) and
also the next kinase in this cascade, c-Raf (Fig. 4). This cascade
coincides to this point with the non-classical signaling pathway
triggered by testosterone in Sertoli cells [21,34]. The non-classical
testosterone pathway leads to phospho-CREB formation and gene
activation in Sertoli cells [21,34] and is also induced in the
experiments described here by low concentrations of ouabain
(Fig. 5). The activation of the transcription factor by ouabain CREB
occurs by phosphorylation at Ser133, the same amino acid that is also
phosphorylated by the action of testosterone [22]. To our knowledge
this is the ﬁrst report on ouabain-induced activation of CREB.
Phosphorylation of CREB in the Sertoli cell line 93RS2 is clearly
detectable after 30 min of incubation with ouabain and increases for
up to three hours, the end point of themeasurement. A change in total
CREB expression was not observed during this time (Fig. 5).
Taken together, these data indicate that ouabain triggers a
signaling cascade in Sertoli cells that is to a great extent identical to
the non-classical signaling pathway triggered by testosterone, but the
physiological signiﬁcance of this must still be evaluated. Ouabain is
apparently produced endogenously: the highest immunoreactivity for
this compound has been found thus far in adrenals, hypophysis, and
hypothalamus [35–37]. The genuine location for ouabain biosynthesis,
however, seems to be the adrenals, since adrenalectomy leads to the
reduction of circulating ouabain levels [36,38,39]. Therefore, it might
be that endogenously produced ouabain participates via its interac-
tion with the α4 isoform in signaling events that inﬂuence the
physiology of sperm or Sertoli cells. Although at this stage the concept
of endogenous CTS acting in a hormone-like fashion on various cells of
the male reproduction system is rather tentative, the presence of
digoxin-like immunoreactivity in human seminal ﬂuid [40] supports
this notion and encourages further investigation.
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